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Abstract
The reduction of tyrosine YcZ by benzidine and exogenous Mn
2 was studied by kinetic EPR experiments in various
Photosystem II (PSII) preparations. Using lanthanide treated PSII membranes it was demonstrated that neither the extrinsic
polypeptides (17, 23 and 33 kDa) nor the Mn complex block the accessibility of YcZ to exogenous reductants, such as
benzidine. In addition, it was shown that in the presence of the native Mn complex exogenous Mn2 does not reduce
YcZ. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Photosystem II (PSII) is a membrane bound multi-
protein enzyme which catalyzes the light driven oxi-
dation of water to oxygen in cyanobacteria and
plants. The redox cofactors in the water splitting
process include the light oxidizable chlorophyll spe-
cies P680, the redox active tyrosine YZ, along with
an auxiliary electron donor tyrosine YD, the pheo-
phytin primary electron acceptor, and the quinone
acceptors QA and QB. The tyrosine radical YcZ is
the immediate electron carrier between the manga-
nese complex and the primary electron donor P680
[1,17]. As shown by EPR studies, the oxidized YcZ
appears as a neutral, deprotonated form of the rad-
ical [2,29]. Since YZ is close to the manganese cluster
[15], and the pattern of proton release and uptake is
related to YZ oxidation and reduction, respectively
[21,25], it has been proposed that tyrosine YZ partic-
ipates directly in the mechanism of water oxidation
as a proton abstractor [3,16]. The inorganic cofactors
Ca2 and Cl3 are essential for the enzyme function
[10,24]. The extrinsic subunits 17 and 23 kDa en-
hance the binding of calcium and chlorine ions.
The 33 kDa protein is proposed to stabilize the Mn
cluster in the con¢guration necessary for catalytic
activity.
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Calcium, which is an obligatory cofactor in oxy-
genic photosynthesis [28], lacks the electronic transi-
tions that give rise to absorption spectra, and the
unpaired electrons that would allow its function to
be probed by magnetic resonance techniques. Calci-
um binding proteins have often been studied by se-
lective replacement of Ca2 by other metals which
are easily detected spectroscopically [9,19].
Trivalent lanthanide ions compete with calcium for
the same binding sites in PSII membranes [12]. It has
been proposed that when lanthanide ions replace cal-
cium in PSII the oxygen evolving complex (OEC) is
unable to proceed to higher oxidation states [5]. This
is supported by the absence of the S2 state low tem-
perature EPR signals, g = 2 and g = 4.1. Under cer-
tain conditions, the presence of lanthanides also dis-
rupts the physiological electron £ow from Tyr YZ to
P680 [6].
Manganese depleted PSII membranes have a
unique site for Mn2 binding, corresponding to the
high a⁄nity Mn binding site which is believed to be
responsible for the e⁄cient YcZ reduction [8,18,22,23].
Benzidine (BZ) has been shown to be an e¡ective
donor to YcZ in manganese depleted PSII [13,26]. In
the absence of the extrinsic proteins 17 and 23 kDa
and the calcium cofactor, benzidine reduces and de-
stroys the Mn complex [14,20].
In the present work, we have used kinetic EPR
spectroscopy in order to investigate the e¡ect of the
extrinsic proteins on the accessibility of the oxidizing
site of PSII to exogenous reductants such as benzi-
dine and Mn2. By comparing lanthanide treated
PSII membranes, which retain all three extrinsic pro-
teins and the manganese complex, to various other
PSII preparations (e.g. Tris treated and high salt/hy-
droquinone (HQ) treated PSII), we were able to ob-
tain information about the environment of Tyr YZ.
2. Materials and methods
In the present study we have used the following
PSII preparations: (i) PSII membranes depleted of
the 17, 23 and 33 kDa polypeptides, and manganese
(Tris treated PSII membranes), (ii) PSII depleted of
the 17 and 23 kDa polypeptides and manganese but
retaining the 33 kDa polypeptide (high salt/hydro-
quinone treated), (iii) PSII retaining all three extrin-
sic proteins and the manganese complex, but calcium
was replaced by a lanthanide.
Oxygen evolving PSII membranes were prepared
from spinach according to the method of Berthold
et al. [4] with the modi¢cations described in [11].
Lanthanide substituted PSII membranes were pre-
pared by the following procedure: intact PSII mem-
branes (1 mg Chl/ml, 0.4 M sucrose, 25 mM MES,
15 mM NaCl, pH 6.0) were exposed to 2 M NaCl in
the presence of 2 mM lanthanide (chloride salt), in
the dark at 4‡C. This treatment results in the disso-
ciation of the extrinsic 17 and 23 kDa polypeptides
from PSII, and introduces the quantitative replace-
ment of Ca2 by the lanthanide. The presence of
high NaCl concentration during the exposure to the
lanthanide prevents the release of Mn complex from
PSII [12]. Rebinding of the extrinsic polypeptides (17
and 23 kDa) was accomplished by extensive dialysis
against a solution of low ionic strength (25 mM
MES, 15 mM NaCl, pH 6.0). The sample was sub-
sequently centrifuged, washed with a medium con-
taining 0.4 M sucrose, 25 mM HEPES, 15 mM
NaCl, pH 7.5, and ¢nally resuspended in the same
medium. The lanthanide ions used were Yb3 and
Lu3, a paramagnetic and a diamagnetic one respec-
tively, both having ionic radii smaller than the ionic
radius of Ca2 (Yb3 = 0.086 nm, Lu3 = 0.085 nm,
Ca2 = 0.106 nm). Tris treatment of PSII membranes
was carried out by exposing them to 0.8 M Tris at
pH 8.0 for 30 min at 4‡C under room light. High
salt/hydroquinone treated samples were prepared by
incubating intact PSII membranes (1 mg Chl/ml, pH
6.0) with 2 M NaCl and 1 mM hydroquinone in the
dark, at 4‡C. The protein content of the various
preparations was examined by SDS-PAGE using
the Laemmli system. Oxygen evolution was assayed
by a Clark type oxygen electrode using 2,6-dichloro-
p-benzoquinone ((2,6)DCBQ) as an electron accep-
tor.
Determination of the Mn content of PSII prepa-
rations was carried out using EPR spectroscopy as
described in [27]. EPR spectroscopy was performed
on a Bruker ER-200D instrument operated at X-
band. Detailed experimental conditions are described
in the ¢gure legends. Kinetic EPR experiments were
performed using a xenon £ash lamp [6]. Analysis of
the kinetic traces was carried out with the software
Origin (Microcal Software).
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3. Results and discussion
Lanthanide substituted PSII membranes retain all
three extrinsic (17, 23 and 33 kDa) polypeptides and
the manganese complex. When a paramagnetic lan-
thanide occupies the calcium binding site(s), a strong
magnetic interaction of the lanthanide ion (Dy3)
with the tyrosine YcZ radical was observed. On the
contrary, this e¡ect was not observed in the presence
of a diamagnetic lanthanide (La3) [7]. At pH 7.5
electron transport from the Mn complex to Tyr YcZ
is completely blocked; under these conditions the re-
reduction of Tyr YcZ is relatively slow, allowing ‘full’
development of Tyr YcZ spins (Fig. 1A). Lanthanide
treated PSII membranes at pH 7.5 is a unique system
for studying Tyr YcZ accessibility because it retains all
three extrinsic polypeptides and the manganese com-
plex, but electron transport from the OEC to Tyr YcZ
does not occur.
The lanthanide ion binding site is close to Tyr YZ,
as revealed by the power saturation properties of Tyr
YcZ in the presence of paramagnetic lanthanides.
Power saturation curves of pulsed generated YcZ,
shown in Fig. 1B, demonstrate the magnetic interac-
tion of YcZ with the paramagnetic lanthanide Yb
3.
When the diamagnetic lanthanide Lu3 occupies the
calcium binding sites the magnetic properties of YcZ
are the same as in Tris and high salt/HQ treated
membranes. Since at pH 7.5, in the presence of a
diamagnetic lanthanide, we do not observe a mag-
netic interaction of the manganese complex with YcZ
we conclude that under these conditions the manga-
nese complex is ‘locked’ in a diamagnetic state (prob-
ably a modi¢ed S1 state). The above results verify the
magnetic proximity of Yb3 binding site to the YcZ
radical.
The reduction of Tyr YcZ in Tris treated PSII has
been thoroughly investigated [13,26]. As shown in
Fig. 2A, Tyr YcZ is directly reduced by the exogenous
donor benzidine. Using high salt/HQ treated PSII
membranes, it was demonstrated that, in the absence
of the manganese complex, the extrinsic 33 kDa
polypeptide does not protect Tyr YcZ against exoge-
nous reductants, such as benzidine [18].
Fig. 2B shows the e¡ect of BZ in Yb3 substituted
PSII membranes, which retain the extrinsic proteins
17, 23 and 33 kDa proteins and the manganese com-
plex. Increasing the BZ concentration from 0 to 200
WM BZ leads to progressively faster decay.
The Tyr YcZ reduction kinetics in the presence of
Fig. 1. (A) Kinetic traces of the decay of YcZ in lanthanide treated PSII membranes at pH 7.5 (a) Tris-PSII, (b) Lu-PSII, (c) Yb-PSII.
(B) E¡ect of microwave power (P) on the amplitude of YcZ signal (Amp) in Tris-PSII, pH 7.5 (F), high salt/HQ-PSII, pH 7.5 (b), Yb-
PSII, pH 7.5 (R), Lu-PSI, pH 7.5 (S). The [Chl] was 2.0 mg/ml. 3 mM K3Fe(CN)6/3 mM K4Fe(CN)6 was used as an electron accep-
tor system. Each kinetic trace is the average of 200 £ashes given at a rate of 0.3 Hz. Experimental conditions: modulation amplitude,
4 Gpp; microwave power, 20 mW, time constant, 1 ms.
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various concentrations of the hydrophobic reductant
benzidine demonstrated a direct reduction of Tyr YcZ
by benzidine in the lanthanide treated samples. As
shown in Table 1, compared to Tris or high salt/HQ
treated PSII the observed second order rate constant,
k2 = 0.77U106 M31 s31, was a little smaller in the
case of lanthanide treated PSII. Since benzidine is a
neutral molecule, the di¡erence in the rate constant
cannot be attributed to the extra charge of the lan-
thanide (+3) compared to calcium (+2); most prob-
ably, the more intact environment around Tyr YcZ in
the case of lanthanide treated PSII results in the
smaller rate constant. Nevertheless, it is interesting
to note that the presence of the extrinsic polypeptides
and of the manganese complex in the lanthanide sub-
stituted PSII does not block the direct reduction of
Tyr YcZ by benzidine.
The main di¡erence between intact PSII and lan-
thanide treated PSII is the replacement of calcium by
a lanthanide; both preparations retain all three ex-
trinsic proteins and the four manganese ions. It is
thus tempting to propose that the extrinsic polypep-
tides (17, 23 and 33 kDa) do not block the accessi-
bility of Tyr YcZ to exogenous reductants, such as
benzidine, even in the intact PSII. Of course, one
could argue that the presence of the lanthanide
causes a reorganization of the environment around
Tyr YcZ, which alters the accessibility of Tyr Y
c
Z to
exogenous reductants. Although such a reorganiza-
tion could be possible, the structural changes should
be small, because the lanthanide treated PSII retains
the extrinsics and the manganese complex. Com-
pared to the (17 and 23 kDa)-depleted PSII where
exogenous reductants, such as hydroquinone, over-
reduce and destroy the manganese complex, in the
lanthanide treated PSII, which retain the 17 and 23
kDa polypeptides, the manganese complex was not
accessible to bulky reductants such as hydroquinone
(data not shown). Moreover, replacement of the lan-
thanide by calcium resulted in an oxygen evolving
PSII system. These observations suggest that, in the
lanthanide treated PSII, the manganese complex and
the three extrinsic proteins remain bound at their
native binding sites.
It was shown in the past that in the absence of the
manganese complex exogenous Mn2 binds to a high
a⁄nity binding site and e⁄ciently reduces Tyr YcZ
[18,23]. As shown in Fig. 3, exogenous Mn2 reduces
YcZ both in Tris and high salt/HQ treated PSII, which
have been depleted of their native manganese com-
plex. As shown before [18], the presence of the 33
kDa polypeptide in the high salt/HQ treated PSII
had no signi¢cant e¡ect on the reduction of YcZ by
exogenous manganese.
In the case of the lanthanide treated sample, since
the Mn complex remains intact, exogenous Mn2 is
unable to bind in the vicinity of YcZ and reduce it
Fig. 2. E¡ect of benzidine on the decay of YcZ. (A) Tris-PSII,
(a) no addition, (b) 25 WM benzidine, (c) 50 WM benzidine. (B)
Yb-PSII, (a) no addition, (b) 50 WM benzidine, (c) 100 WM ben-
zidine. The pH of the samples was 7.5 and the Chl concentra-
tion was 2 mg/ml; 3 mM K3Fe(CN)6/3 mM K4Fe(CN)6 was
used as the electron acceptor system. Each kinetic trace is the
average of 200 £ashes given at a rate of 0.3 Hz. Experimental
conditions: modulation amplitude, 4 Gpp; microwave power,
20 mW, time constant, 1 ms.
Table 1
Second order rate constants when BZ is used as a reductant
Sample k2 (M31 s31) (106)
Tris-PSII (pH 7.5) 1.40
High salt/HQ-PSII (pH 7.5) 1.13
Yb-PSII (+17+23 kDa) (pH 7.5) 0.77
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(Fig. 3). One could argue that the extra charge of the
trivalent lanthanide (compared to Ca2) a¡ects elec-
trostatically the reduction of YcZ by Mn
2 ; in such a
case though, we would expect a slower reduction of
YcZ by Mn
2 and not a complete blockage even at
very high concentrations of Mn2.
Using various PSII preparations we have demon-
strated that neither the extrinsic polypeptides (17, 23
and 33 kDa) nor the Mn complex block the accessi-
bility of YcZ to exogenous reductants, such as benzi-
dine. In addition, we have shown that in the presence
of the native Mn complex exogenous Mn2 has no
access to YcZ.
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